Adolescence is characterized by heightened social-affective sensitivity and substantial increases in risk-taking behaviors (Crone and Dahl, [@ref8]; Blakemore and Mills, [@ref5]; Patton *et al*., [@ref33]; Van Duijvenvoorde *et al.,*[@ref62]). As such, adolescent decision-making is a topic of common interest among parents and policy makers, as well as developmental neuroscientists, who aim to leverage an understanding of brain development to inform adolescent health (Dahl *et al.,*[@ref9]; Fuligni *et al.,*[@ref12]). Changes in the developing brain reorient adolescents towards social cues, making them especially sensitive to their social context, such as in the presence of parents or peers (Blakemore and Mills, [@ref5]; Nelson *et al.,*[@ref30]; Scriber and Guyer, [@ref41]). Although previous neuroimaging research has examined how the presence of peers (Chein *et al.*, [@ref7]) *or* parents (Telzer *et al.*, [@ref56]) impacts adolescent risk taking, no study to date has directly compared these social influences on risk taking within the same group of adolescents, a significant limitation given that prior approaches cannot disentangle the effects specific to each source of social influence. The current fMRI study aimed to fill this gap in the literature by comparing *within-person* peer and parent influences on risky decision-making.

The adolescent social world is characterized by increased salience of peer relations, importance of fitting, in and attunement to social evaluation (Somerville, [@ref50]; Lam *et al.*, [@ref23]; Blakemore, [@ref4]). In the presence of peers, adolescents display greater risk taking in several health-risk domains, including risky driving, gambling and smoking (Gardner and Steinberg, [@ref13]; Loke *et al.*, [@ref26]; Van Hoorn *et al.*, [@ref23]). The increase in risk-taking behaviors with peers is paralleled by heightened activation in reward-related regions, including the ventral striatum (VS) and orbitofrontal cortex (OFC), in adolescents but not (young) adults (Chein *et al*., [@ref7]). This suggests that risk taking in the presence of peers may be more rewarding and salient during adolescence, an effect that seems specific to risk-taking, as peer presence does not disrupt neural activity during response inhibition (Smith *et al.*, [@ref48]). Together, this work highlights that adolescents' social-affective sensitivities may place them in a position of vulnerability for increased health-risk behaviors in the presence of their peers.

Although adolescents' social reorientation involves moving towards their peers and becoming independent from parents (Nelson *et al*., [@ref31]; Nelson *et al*., [@ref30]), the family still plays a large role in shaping adolescents' behaviors and attitudes (Tsai *et al*., [@ref59]; Telzer *et al*., [@ref58]; Van Ryzin *et al*., [@ref65]). Indeed, the presence of mothers reduces adolescents' risky behavior relative to being alone, and this is modulated by greater activation in the ventrolateral prefrontal cortex (vlPFC) during safe decisions, and decreased VS activation following risky decisions (Telzer *et al*., [@ref56]). Buffering of risk-taking behaviors is specific to mothers, as unfamiliar adults relative to mothers do not seem to have this protective effect (Guassi Moreira and Telzer, [@ref18]; but see Silva *et al*., [@ref44] for a decrease in risk taking in a group of one young adult and peers relative to a group of solely peers). Collectively, this work suggests that parental presence may serve as a buffer to dissuade adolescents from engaging in risky behaviors (Telzer *et al*., [@ref56]), such that social-affective sensitivities may also constitute an opportunity for positive influences on development (Scriber and Guyer, [@ref41]; Dahl *et al*., [@ref9]; Telzer *et al*., [@ref57]).

Understanding the different roles of peers and parents in adolescent risk taking is crucial to gain a better grasp on the opportunities and vulnerabilities associated with adolescent sensitivity to social contexts. The presence of peers and parents has the potential to impact risky behavior through their modulation of affective, cognitive control and social-cognitive processes in the brain. Indeed, the regions associated with these processes are intimately involved in risk-taking, particularly in a social context. For instance, reward-related regions such as the VS, OFC and ventromedial prefrontal cortex (vmPFC) are consistently activated across risk-taking and social influence tasks (Chein *et al*. [@ref7]; Telzer *et al*., [@ref56]; Welborn *et al*., [@ref68]; Telzer *et al*., [@ref57]), underscoring how social contexts can modulate the rewarding and salient nature of risk taking. Cognitive control-related regions, such as the vlPFC and dlPFC, are also implicated in the context of risk taking, serving as a neural brake to decrease risky choices, whereas the insula serves as a neural hub that integrates reward-related and cognitive processes, especially in the context of risky decision-making (Blakemore, [@ref3]; Lamm and Singer, [@ref24]; Smith *et al*., [@ref45], [@ref46]). Social influence on attitudes and behaviors also instantiates mentalizing about other people's social norms, values and expectations, which is facilitated by social-cognitive regions such as the TPJ and dorsomedial prefrontal cortex (dmPFC) (Somerville *et al*., [@ref51]; Blakemore and Mills, [@ref5]; Welborn *et al*., [@ref68]; Van Hoorn *et al.*, [@ref23]).

These neural regions implicated in social influence are part of complex and dynamically interacting neural circuits (Casey, [@ref6]), and functional coupling between affective, cognitive and social regions affects adolescent risk-taking behavior. Indeed, functional coupling between the VS and prefrontal cortex has been linked to a decrease in risky behavior (Qu *et al*., [@ref69]), and can be modulated by the social context, such as parental presence (Telzer *et al*., [@ref56]; Guassi Moreira and Telzer, [@ref17]). There is also initial evidence for the involvement of functional connectivity between VS and TPJ after social exclusion by peers in a risky context (Peake *et al*., [@ref34]). As such, we take a complementary approach, examining the neural correlates of parent and peer presence on affective, cognitive control and social brain regions, as well as functional coupling of these regions, to gain traction on adolescent risk-taking in social contexts.

Methods {#sec1}
=======

Participants {#sec2}
------------

The final sample for analyses included 56 early adolescents (*M~age~*(*s.d.*) = 13.2(0.69) years, range 12.08--14.82 years, 26 females). An additional five participants were excluded due to excessive motion (*n* = 2; \>2.0 mm inter-slice movement on ≥10% of slices) or technical difficulties in acquiring data for parent or peer runs (*n* = 3). Moreover, *n* = 13 additional participants were excluded because they did not have enough behavioral data (i.e. stop or go decisions) to model at the neural level, which is detailed in the task section below. The age range was based on previous work (Gardner and Steinberg, [@ref13]) and recent evidence suggesting that across development, early adolescents (ages 12--14) are most susceptible to social influence, for better or for worse (Knoll *et al*., [@ref22]; Van Hoorn *et al*., [@ref63]). Participants were recruited via local schools, community flyers and Listservs. They were from diverse ethnic backgrounds, including White (*n* = 31, 55%), African American (*n* = 10, 18%), Asian (*n* = 4, 7%), mixed race (*n* = 9, 16%) and other (*n* = 2, 4%).

We screened participants to ensure they were free from neurological disorders, taking psychotropic medication, or any MRI contraindications. Based on parent report, a small subset of our sample had a lifetime history of a psychological disorder: attention deficit (hyperactivity) disorder (AD(H)D) *n* = 4 (7 %); anxiety n = 1 (2%); ADHD and anxiety *n* = 1 (2%); depression and anxiety *n* = 1 (2%)[^1^](#fn1){ref-type="fn"}. If participants were taking AD(H)D medication, they were asked to refrain from taking their medication for a 24 h period before their scan. Participants were accompanied to the scan by their primary caregiver, which included mostly biological mothers (73%), fathers (16%), or other legal guardians, such as adoptive parents or grandparent (11%). All participants and their legal guardians provided written consent and assent, and the Institutional Review Board of the University of Illinois at Champaign--Urbana approved all procedures.

Manipulation of social context: peers and parents {#sec3}
-------------------------------------------------

During a behavioral session, a week or more prior to the scan session, each participant's photo was taken, and they completed a short bio indicating their grade, their favorite subject in school and what they liked to do for fun. When they arrived to the scan, they were shown a picture of an age-, race- and gender-matched peer and received the peer's bio, who was ostensibly also completing the study and undergoing their own brain scan. The participant was told that the peer was currently completing a brain scan, and would be playing the same game \[a computerized driving game; see task description YLG below\] as the participant. After participants practiced two rounds of the YLG themselves, the researcher communicated via cell phone to the scan tech, who indicated the peer was ready to begin the task in the scanner. The participant was then given a notecard to read to the peer through the cell phone: 'Hi, this is \[PARTICIPANT'S NAME\], and I'll be watching you play this round'. The participant then saw a 'live feed' of the peer supposedly playing the YLG in the scanner, which was in fact a recording of a game set to be a representative teen's behavior \[choosing to go 50% of the time, which was based on a similar peer manipulation (Kahn *et al.*, [@ref36]) and the 'average' peer in prior work (Peake *et al.*, [@ref34])\].

During their scan, participants completed the YLG. In the *Peer Presence* condition, the participant was told that the same peer would be watching them play now; they essentially 'switched roles' with the peer. The experimenter then played an audio recording of the same script from this supposed peer, telling the participant they were watching them play this round. In the *Parent Presence* condition, the participant was told their parent would be entering the scan room to watch them play. The parent spoke through the intercom using the identical script as the peer, a method we have employed in prior studies to examine social influence on risk taking (Telzer *et al*., [@ref56]; Guassi Moreira and Telzer, [@ref17]; Guassi Moreira and Telzer, [@ref18]). The social context conditions were counterbalanced across participants.

Risk-taking paradigm {#sec4}
--------------------

The YLG (Op de Macks *et al*., [@ref32]) is an adaption of the widely used Stoplight Task (Gardner and Steinberg, [@ref13]; Chein *et al*., [@ref7];) that examines risk-taking at the behavioral and neural level. In the YLG, participants were asked to drive a virtual car from the driver's point of view along a straight track, during which they encountered several intersections with yellow lights ([Figure 1A](#f1){ref-type="fig"}). They were instructed that the goal of the game was to get through all of the intersections in the shortest amount of time. At each intersection, participants had to indicate by button press whether they wanted to accelerate and go through the yellow light (go decision) or brake before arriving at the intersection (stop decision). Deciding to accelerate through the intersection---a go decision---constitutes a risky decision, and could result either in a successful go associated with no delay (i.e. if there was no other car passing through the intersection), or a delay of 5 s in the event of a crash (i.e. if there was another car passing through the intersection). A successful go was shown on the screen with a blue tilde and a positive chiming sound ([Figure 1B](#f1){ref-type="fig"}), whereas a crash was shown as a cracked car window, honking car and crash sound ([Figure 1C](#f1){ref-type="fig"}). At the behavioral level, we assessed risk taking as the percentage of go decisions out of the total decisions made (i.e. stop and go were exact opposites).

![Illustration of the YLG and social context conditions.](nsy071f1){#f1}

Braking before the intersection---a stop decision---resulted in a 2.5 s delay and constitutes a safe decision because participants avoided a potential crash. After a stop decision, participants either saw an approaching car and heard a honking noise (i.e. necessary stop, because going would have resulted in a crash; [Figure 1D](#f1){ref-type="fig"}), or an empty intersection (i.e. unnecessary stop, because going would have been successful; [Figure 1E](#f1){ref-type="fig"}). At the behavioral level, safe decisions were defined as the percentage of stop decisions out of the total decisions made. Finally, if participants did not make a decision, this resulted in a 1 s delay, a red X on the screen and an error noise ([Figure 1F](#f1){ref-type="fig"}).

Participants played the YLG in the MRI scanner while alone, in presence of a peer and in the presence of a parent. In the current paper, we focused on the *Peer presence* and *Parental presence* conditions, because comparisons with an alone condition have been described in previous work (peer \> alone, Chein *et al*., [@ref7]; parent \> alone, Telzer *et al*., [@ref56]), and the alone condition is part of a separate manuscript focused on individual differences (Rogers *et al*., [@ref70]). Participants completed two runs for each social context condition, which were counterbalanced across participants. Within each run, participants encountered 20 intersections, totaling 40 trials for each social context condition. The onset of the yellow light was 1500 ms after the previous trial which corresponded to a varying distance on the track (200--250 ft) to avoid predictability. While the runs were varied in terms of probability of crashes for each intersection, the probability of crashing was kept at 50% for each run, and all participants completed the exact same runs in the scanner for consistency. Before entering the scanner, participants were trained on how to properly play the task by completing two practice runs in order to account for learning effects (Kahn *et al*., [@ref21]). The practice runs were based on the same parameters as the scanner task, but unbeknownst to the participants, were slightly different in terms of the no-decisions. To dissuade participants from not responding, no-decisions were paired with a larger 5 s delay in the practice runs (the shorter 1 s delay in the scan runs was not explicitly told to participants).

We used stringent quality control criteria in order to model high-quality fMRI data with a sufficient number of trials. Participants were excluded from analyses if they had (a) more than four no-decision trials within one run and/or (b) fewer than four go or stop decisions within one run. More than four no-decisions were considered problematic because this suggested that the participant was disengaged from the task, generating both invalid behavioral and neural data. This cutoff was determined based on the total number of trials in a run (i.e. 20), such that participants were included only if they had least 75% of the trials with decisions in order to properly fit the fMRI model. Moreover, participants were excluded when they made fewer than four go or stop decisions in a peer or parent run, in order to effectively model risky and safe decisions for parent and peer conditions. Based on these criteria, our final sample excluded *n* = 3 adolescents for having more than four no-decision trials in a run, *n* = 7 for having fewer than four go or stop decisions in a peer or parent run and *n* = 3 for having both exclusion criteria. Of note, we also ran our analyses with a slightly less stringent threshold (i.e. including those with fewer than four go/stop decisions), using a strategy of reweighting the data where possible. Although results with this sample yielded nearly identical results, it also added more noise, such that the intrinsic smoothness of the residual file was significantly higher. Thus, to present the cleanest data, we used the conservative exclusion criteria presented above.

fMRI data acquisition {#sec5}
---------------------

Data were collected with a 3-T Siemens Trio MRI scanner, using a 32-channel head coil. The task was presented on a computer screen, which participants could see through a mirror attached to the head coil. We obtained the functional data using T2^\*^-weighted echoplanar images (EPI; slice thickness = 3 mm; 38 slices; TR = 2 sec; TE = 25 ms; matrix = 92 × 92; FOV = 230 mm; voxel size 2.5 × 2.5 × 3 mm^3^). In order to provide an anatomical reference, structural scans were also acquired, including a T2^\*^-weighted, matched-bandwidth (MBW; TR = 4 s; TE = 64 ms; FOV = 230; matrix = 192 × 192; slice thickness = 3 mm; 38 slices) and a T1^\*^ magnetization-prepared rapid-acquisition gradient echo (TR = 1.9 s; TE = 2.32 ms; FOV = 230; matrix = 256 × 256; sagittal acquisition plane; slice thickness = 0.9 mm; 192 slices). MBW and EPI scans were collected with an oblique axial orientation to prevent signal drop-out in orbital and temporal regions, thereby maximizing coverage of the brain.

fMRI data preprocessing and analysis {#sec6}
------------------------------------

Standard preprocessing was conducted using the FSL FMRIBs Software Library (FSL v6.0, Oxford, UK; [https://fsl.fmrib.ox.ac.uk/fsl/](https://fsl.fmrib.ox.ac.uk/fsl)). We corrected for head motion using MCFLIRT (Jenkinson, [@ref20]). Data were skull-stripped with BET (Smith, [@ref49]), spatially smoothed with a 6 mm full width half maximum (FWHM) Gaussian kernel, and a high-pass temporal filtering with a 128 s cutoff was applied to remove low-frequency drift across time (Gaussian-weighted least squares straight line fitting; sigma = 64.0 s). Image co-registration was done using a three-step registration procedure (EPI to T2 to T1), and each functional image was resampled to 2 × 2 × 2 mm and warped to the standard Montreal Neurological Institute 2 mm brain using FLIRT (Jenkinson, [@ref19]; [@ref20]). Moreover, to remove artifact signals such as motion and physiological noise, we applied an independent component analysis (ICA) denoising procedure using MELODIC (Beckmann, [@ref2]), combined with an automated signal classification toolbox (an average of 4.02 components or 11.33% were removed; classifier NP-threshold = 0.3; for more details see Tohka *et al*., [@ref53]).

After preprocessing, statistical analyses were conducted on the individual subjects' data using the general linear model in the Statistical Parametric Mapping software package (SPM8; Welcome Department of Cognitive Neurology, London, UK). Each trial was convolved with the canonical hemodynamic response function. The YLG was modeled as an event-related design. In the fixed-effect model, we included two decision regressors (go and stop decisions); four outcome regressors \[successful go (i.e. no car approaching), crash, necessary stop (i.e. car approaching), and unnecessary stop (i.e. no car approaching)\]; as well as no-decisions, which were modeled in a separate regressor together with volumes that contained excessive motion (\>2.0 mm framewise displacement; participants included had motion on \< 10% of total slices). These regressors were estimated separately for each social context condition: Alone, Peer presence, and Parental presence. The time when participants were driving on the course between the intersections was not explicitly modeled and therefore served as an implicit baseline, which included the driving time across all runs, and controlled for basic visual characteristics.

The decision phase (go and stop decisions) was modeled with the onset of the yellow light and duration of their decision (i.e. when participants made a button press to either go or stop). The outcome phase for go decisions was modeled from either the onset of blue tilde (successful go) or onset of the crash (unsuccessful go), each with a 2.5 s duration, in order to make the outcome equitable across conditions. The outcome phase for stop decisions was modeled from the onset of the stopped car and had a duration of 2.5 s for both necessary and unnecessary stops. Note that we included the four possible outcomes in our model, but do not report on the outcome phase in the current paper, because we were specifically interested in the effects of parent and peer presence on decision-making (i.e. stop and go decisions).

![(A) VS and TPJ activity when adolescents took risks (go-decision) in presence of peers compared to their parents. (B) dlPFC activity when adolescents made safe decisions (stop-decision) in presence of peers compared to their parents. For descriptive purposes, parameter estimates of intensity were extracted from Peer presence \> baseline and Parent presence \> baseline. Error bars represent standard error of the mean (SEM).](nsy071f2){#f2}

###### 

Brain regions that showed positive activity for the main effects of *peer presence \> parental presence*, separately for go and stop decisions at *P* \< 0.005, FWE-cluster corrected

                                                 MNI coordinates         
  ------------------------------ ------- ------- ----------------- ----- -----
  Go decision peer \> parent                                             
  L VS                           87^b^   3.554   −14               22    −8
  L precuneus                    1081    3.837   2                 −74   44
  L cerebellum                   176     3.823   −30               −72   −20
  L TPJ                          164     3.811   −50               −34   46
  L STS                          ^c^     3.289   −54               −34   24
  SMA                            168     3.778   2                 12    64
  Stop decision peer \> parent                                           
  L dorsolateral PFC             228     4.288   −18               48    26

Abbreviations: L = left, R = right, MNI = Montreal Neurological Institute. ^a^Volume of activation in mm^3^. *T*-value is at local maximum. Analyses for negative relationships (i.e. parent \> peer) showed no significant clusters of activation. ^b^Small-volume correction *P* \< 0.005, 20 voxels. ^c^Part of left TPJ cluster.

The resulting contrast images, computed at the individual level, were submitted to random-effects group analyses. In the current study, our contrasts of interest were go and stop decisions, under peer *vs* parental presence (i.e. go decisions peer \> parent, stop decisions peer \> parent, as well as the reverse contrasts). At the group level, we conducted analyses on our contrasts of interest using GLMFlex, which removes outliers and sudden activation changes in the brain, partitions error terms, analyzes all voxels containing data and corrects for variance-covariance inequality ([http://mrtools.mgh.harvard.edu/index.php/GLM_Flex](http://mrtools.mgh.harvard.edu/index.php/GLM_Flex))). In addition, we conducted psychophysiological interaction (PPI) analyses. Given the *a priori* hypotheses about the involvement of the VS (Chein *et al*., [@ref7]; Telzer *et al*., [@ref56]) in social context effects on decision-making, and the link between VS and cognitive control (Qu *et al*., [@ref69]), insula (Guassi Moreira and Telzer, [@ref17]) and social brain (Peake *et al*., [@ref34]) regions, the bilateral VS was specified as our seed region of interest (ROI). We structurally defined the VS using the WFUpickatlas (Tzourio-Mazoyer *et al*., 2002; Maldjian *et al.*, 2003).

The generalized PPI toolbox in SPM involves a three-step approach to conduct PPI analyses (gPPI; McLaren *et al*., [@ref32]). First, deconvolved time-series were extracted from the VS ROI for each participant to create the physiological variables; then each trial type was convolved with the canonical hemodynamic response function (HRF) to create the psychological regressor and finally the psychological regressors were multiplied with the physiological variable to create the PPI interaction terms. As such, the PPI interaction terms constitute regions that covary with the VS during the contrasts of interest. At the individual level, we included the deconvolved blood oxygen level dependent (BOLD) signal as a regressor, together with the psychological and PPI interaction terms to create our gPPI model. Then, at the group level, we conducted random-effects, whole-brain analyses using GLMFlex to examine differences in functional connectivity across the Peer and Parent conditions, for stop and go decision separately.

We corrected all analyses for multiple comparisons using Monte Carlo simulations through 3DClustSim (updated version November 2016) in the software package AFNI (Ward, [@ref66]), and accounted for the smoothness of the data with the acf function within the 3dFWHMx command. For the main effects of decision, the simulation resulted in a voxel-wise threshold of *P* \< 0.005 and minimum cluster size of 150 (stop) and 159 (go) voxels for the whole brain, which corresponds to *P* \< 0.05, family-wise error (FWE) cluster-corrected. Given our *a priori* hypotheses of activation in the VS, an anatomically small structure which typically does not survive stringent correction, we applied a small volume correction for the VS, with a voxel-wise threshold of *P* \< 0.005, and minimum cluster size of *k* = 20 (Giuliani and Pfeifer, [@ref15]; Guassi Moreira and Telzer, [@ref18]). For the PPI analyses, the simulation resulted in a voxel-wise threshold of *P* \< 0.005 and minimum cluster size of 115 (stop) and 116 (go) voxels for the whole-brain. All reported results are available on NeuroVault (Gorgolewski *et al*., [@ref19]; see [/collections/XPPOFEMU/](https://neurovault.org/collections/XPPOFEMU/)).

Results {#sec7}
=======

Behavioral analyses {#sec8}
-------------------

To test the effects of parental and peer presence on risk-taking behavior, we compared the percentage of go decisions in the parent, peer and alone conditions. A one-way analysis of variance (ANOVA) indicated a significant effect of condition *F*(2,110 = 5.312, *P* = 0.006). To probe this effect, we conducted a series of paired-samples *t*-tests. We found no significant differences in the percentage of go decisions between parent and peer \[*t*(55) = −0.437, *P* = 0.663; *M*(*SD*)~peer~ = 47.66(12.04); *M*(*SD*)~parent~ = 48.23(11.09)\]. Replicating our prior work (Telzer *et al*., [@ref56]), adolescents were less risky in the presence of their parent compared to alone \[*t*(55) = 2.529, *P* = .014; *M*(*SD*)~alone~ = 52.254(13.69)\]. However, inconsistent with prior work (Chein *et al*., [@ref7]) adolescents were *less* risky in the presence of their peer compared to alone (*t*(55) = 2.774, *P* = 0.008). Note that percentage of stop decisions is the exact opposite of go decisions and so are not reported. Next, we compared reaction times (s) for go and stop decisions between parent, peer and alone conditions. Results indicated no significant differences between the conditions (go: *F*(2,110) = 0.937, *P* = 0.395; stop: *F*(2,110) = 2.057, *P* = 0.133).

fMRI analyses {#sec9}
-------------

**Differences in neural activation during peer presence compared to parent presence.** We first examined the main effects for the peer \> parent contrasts. For go decisions, we observed greater activity in the VS ([Figure 2A](#f2){ref-type="fig"}), as well as regions involved in social cognition (precuneus, fusiform, left TPJ; for the latter, see [Figure 2A](#f2){ref-type="fig"}), motor (supplementary motor area, postcentral gyrus) as well as visual processing (occipital cortex), and cerebellum when peers were present compared to when parents were present (see [Table 1](#TB1){ref-type="table"} for all regions). For descriptive purposes, we extracted parameter estimates of signal intensity from the VS and TPJ clusters, separately for peer go \> baseline and parent go \> baseline and plotted the activation ([Figure 2A](#f2){ref-type="fig"}).

When making stop-decisions in the presence of peers compared to parents, adolescents displayed greater activity in the dlPFC. For descriptive purposes, we extracted parameter estimates of signal intensity from the dlPFC cluster, separately for stop peer \> baseline and stop parent \> baseline and plotted the activation ([Figure 2B](#f2){ref-type="fig"}). No regions were more active in the parent \> peer contrasts for either go or stop decisions.

**Differences in neural connectivity during parent presence compared to peer presence.** Next, we conducted PPI analyses using the VS as the seed region, comparing neural coupling separately for go and stop decisions in the presence of parents compared to peers. For go decisions, we found a significant interaction between the VS and insula in the presence of their parent compared to their peer. To further examine this effect, we extracted parameter estimates of signal intensity from the insula cluster for each condition separately relative to baseline and plotted these effects.

As shown in [Figure 3A](#f3){ref-type="fig"}, adolescents displayed greater connectivity between the VS and insula when making go decisions in the presence of their parent compared to their peer. In addition, we found greater coupling between the VS and visual regions in the presence of parents *vs* peers ([Table 2](#TB2){ref-type="table"}).

![(A) VS-insula connectivity when adolescents took risks (go-decision) in presence of parents compared to their peers. (B) VS-TPJ connectivity when adolescents engaged in safe decision-making (stop-decision) in presence of parents compared to their peers. For descriptive purposes, parameter estimates of intensity were extracted from each condition compared to baseline. Error bars represent the SEM.](nsy071f3){#f3}

###### 

Brain regions that showed positive activity for the PPI analysis with VS as seed region and effects of *parental presence \> peer presence*, separately for go and stop decisions at *P* \< 0.005, FWE-cluster corrected

                                                      MNI coordinates         
  ------------------------------------- ----- ------- ----------------- ----- -----
  PPI VS go decision parent \> peer                                           
  L insula                              153   3.583   −50               10    −20
  Occipital lobe                        478   3.932   −16               −82   4
  PPI VS stop decision parent \> peer                                         
  L STS                                 255   5.841   −54               −36   2
  L TPJ                                 164   4.552   −46               −40   30
  L precuneus                           320   3.860   −8                −64   48
  L precentral gyrus                    160   3.883   −30               −28   64
  R TPJ/STS                             361   3.878   70                −26   4

Abbreviations: MNI=Montreal Neurological Institute, L = left, R = right. *T*-value is at local maximum. ^a^Volume of activation in mm^3^. Analyses for negative relationships (i.e. peer \> parent) showed no significant clusters of activation.

For safe decisions (i.e. when adolescents chose to stop), the PPI results yielded a significant interaction between the VS and bilateral TPJ in the presence of their parent compared to their peer. To further examine this effect, we extracted parameter estimates of functional connectivity from the left TPJ cluster for each condition separately relative to baseline and plotted these effects. As shown in [Figure 3B](#f3){ref-type="fig"}, adolescents displayed greater connectivity between the VS and TPJ when making safe decisions in the presence of their parent compared to their peer. In addition, we found greater coupling between the VS and bilateral STS as well as precuneus in the presence of parents *vs* peers ([Table 2](#TB2){ref-type="table"}). No regions were functionally connected to the VS in the peer \> parent contrasts for either go or stop decisions.

Discussion {#sec10}
==========

This study aimed to gain traction on the different roles of two key social influences on risk taking during adolescence: peers and parents. A sample of 12--15-year-old adolescents completed the YLG, a computerized risky driving task, while their performance was observed by their peers and parents, which for the first time allowed us to *directly* compare effects of peer and parental presence on risk taking within the same group of adolescents. Unexpectedly, behavioral findings revealed no effects of social context on risk taking. At the neural level, during risky decisions, adolescents displayed greater activity in the VS and TPJ with a peer present compared to their parent, as well as greater activity in the dlPFC during safe decisions when peers relative to parents were present. Analyses of functional coupling showed greater connectivity during parental presence compared to peer presence for both risky and safe decisions---greater VS-insula coupling during risky decisions and greater VS-TPJ coupling during safe decisions. Together, these findings suggest that peer presence elicits greater activity of an interplay of affective, social and cognitive control regions, while parental presence elicits greater functional coupling between affective, social and cognitive control regions.

Many decisions in adolescents' everyday lives take place in a social context, either with social others intimately involved or with their perspectives in mind. Empirical work shows the robust effects of social context on adolescent decision-making (Van Hoorn *et al*., [@ref64]; Blakemore, [@ref4]). Yet, it is currently less well understood how different social sources may uniquely impact behavior and the underlying neural substrates which guide that behavior. Status and acceptance in the peer group become crucially important during adolescence, which may be one factor involved in the adolescents' pursuit of riskier behavior in the presence of peers (Prinstein and Wang, [@ref39]; Somerville, [@ref50]), especially with the popular notion (i.e. perceived social norm) that fellow teenagers show high levels of risk-taking (Van Hoorn *et al*., [@ref63]; Powers *et al*., [@ref38]). Alternatively, it has been suggested that adolescents conform to their peers to avoid social risks and maintain their acceptance in the peer group (Blakemore, [@ref4]), an effect corroborated by experimental fMRI research (Peake *et al*., [@ref34]; Falk *et al*., [@ref11]; Telzer *et al*., [@ref57]). Across these explanations, processes of social learning and conformity to perceived social norms from the social context play a key role in the effects of peers (i.e. perceived endorsement of risk- taking, leading to greater risks), as well as parents (i.e. perceived endorsement of safe behavior, leading to fewer risks) (Telzer *et al*., [@ref57]).

Despite the wealth of studies showing separate peer and parent effects on risk-taking behaviors, the current study yielded no such effects at the behavioral level. While one could argue that a computerized driving task may be more appropriate for older adolescent samples (i.e. legal driving age \> 16 in the USA and \> 18 in Europe), previous work has successfully found social influence effects using the Stoplight task in similar age ranges (Gardner and Steinberg, [@ref13]: ages 13--16 years; Telzer *et al*., [@ref56]: ages 14 years). Moreover, the age range appears appropriate in light of recent work suggesting greater sensitivity to peers in early adolescence (Knoll *et al*., [@ref22]; Van Hoorn *et al*., [@ref63]), a time when parental scaffolding is also more prominent than in mid- or late adolescence (Scriber and Guyer, [@ref41]). The social context manipulations employed in the current study were based off of previous work ('average peer' video from Peake *et al*., [@ref34]; parent protocol from Telzer *et al*., [@ref56], Guassi Moreira and Telzer, [@ref18]), and entailed an active observation of performance (Somerville*et al*., [@ref52]). While we replicated behavioral effects comparing risk taking when alone compared to a parent present (Telzer *et al*., [@ref56]), the effects for the peer condition are inconsistent with prior research (Chein *et al*., [@ref7]). We speculate that the lower level of risk taking in the presence of the peer may be related to the video manipulation we used. When adolescents supposedly watched their peer play, they saw them taking about 50% risk. This video manipulation may have set the norm for task behavior, which may have resulted in a social conformity effect (i.e. incorporating the norm set by the peer into the adolescents' own behavior). Because we did not also have an observation of parent behavior, this social conformity may have only occurred for the peer condition. The absence of significant behavioral differences between parent and peers has interesting implications for future research, suggesting that peer and parent effects may be dependent on the modes through which social influence occur. Showing a video of a peer's behavior may have different consequences for risk-taking behavior than having peers just present. In conjunction with our neural findings, which do show differences between the two social contexts, we speculate that the same behavior is a result of different processes, which, when taking place in the real world, may affect decision-making in the ways we expect---greater risk taking with peers and more safe decisions with parents.

At the neural level, risky decisions in the presence of peers relative to parents elicited greater activity in the VS, a region previously associated with processing of reward motivation and salience (Delgado, [@ref10]; Telzer, [@ref55]; Schreuders *et al*., [@ref42]). Previous work shows that when adolescents take risks, the VS response is amplified in the presence of peers relative to alone as well as following social rejection, suggesting an important role in perceived social status and expected value of risk behaviors in a peer context (Chein *et al*., [@ref7]; Peake *et al*., [@ref34]; Telzer *et al*., [@ref57]). Our findings provide additional evidence for the hypothesis that risk-taking in the presence of peers is potentially related to greater reward motivation, an effect not found in the presence of parents.

In addition to the VS, we found increased activation in the fusiform, TPJ and precuneus, regions implicated in detection and processing of social cues (Nelson *et al*., [@ref31]; Blakemore, [@ref3]), with greater recruitment of these regions in the presence of peers relative to parents. The fusiform is part of the social-detection node (Nelson *et al*., [@ref31]) and has a role in processing salient affective components of the social environment, particularly in appetitive social contexts (Perino *et al*., [@ref35]). The TPJ is a key component of the so-called social brain, generally involved in perspective-taking and (social) attention processes (Mitchell *et al*., [@ref34]; Van den Bos *et al*., [@ref60]), and has been linked to greater risk-taking after social exclusion (Peake *et al*., [@ref34]). Interestingly, in a neutral setting (i.e. art work attitudes), parent and peer influences rely on the same neural bases, including social brain regions such as the TPJ (Welborn *et al*., [@ref68]), while our findings highlight that an interplay of affective and social brain regions are more active when taking risks with a peer present relative to a parent. This suggests that risky decisions may be processed as more socially salient events with the psychological presence of a peer (Shah, [@ref43]), and perhaps this increased allocation of neural resources is related to a greater need for social reward and connection in the peer domain, relative to parents who are more likely to endorse (i.e. provide social reward for) safe behaviors.

During safe decisions, adolescents recruited the dlPFC to a greater extent in the presence of a peer than their parent. The dlPFC is a neural region commonly found in the context of safe decision-making (Peake *et al*., [@ref34]), and is often associated with general cognitive control, as well as more specific suppression of affective responses (Aron *et al*., [@ref1]; Ridderinkhof *et al*., [@ref40]). The presence of peers may make a risky decision more attractive and salient, and as such, adolescents likely need to recruit more cognitive control resources to make a safe decision in front of their peers than in front of parents, in order to compute the same safe behavior.

Functional coupling between the VS and prefrontal and social regions also affects adolescent risk-taking (Guassi Moreira and Telzer, [@ref17]; Peake *et al*., [@ref34]; Qu *et al*., [@ref69]). Adolescents displayed increased VS-insula coupling when they made a risky decision in the parent condition relative to the peer condition. The insula is generally seen as neural hub integrating affective and cognitive cues, and helps guide attention during goal-directed behavior (Menon and Uddin, [@ref28]; Touroutoglou *et al*., [@ref54]; Smith *et al*., [@ref45], [@ref46]). Hence, it is not surprising that the insula is consistently implicated in adolescent decision-making in social contexts (Van Hoorn *et al*., [@ref64]). Increased functional connectivity between the VS and insula has been linked to attenuated risk-taking (Van Duijvenvoorde *et al*., [@ref61]), as well as increased risk taking in high-conflict relationships with parents (Guassi Moreira and Telzer, [@ref17]). Linking this finding to the main effect, which showed a relatively low VS response when adolescents took risks while their parent was observing, we speculate when the insula comes online in conjunction with the VS, this potentially downregulates VS activation with parental presence. The insula may function as a relay center that indicates the level of activity of the VS to prefrontal cognitive control regions (Guassi Moreira and Telzer, [@ref17]). Note that analyses of functional connectivity assess correlations, so future work is needed to detect the direction of this relationship, for example using techniques such as Group Iterative Multiple Model Estimation (GIMME) (Gates and Molenaar, [@ref14]).

Finally, parent relative to peer presence elicited heightened VS-TPJ coupling during safe decisions, suggesting that within adolescents, those who engage the VS to a greater extent also engage the TPJ more. These results highlight the importance of examining crosstalk between regions implicated in reward and social cognition when examining social influence. Interestingly, Peake *et al*. ([@ref34]) report exploratory analyses of increased TPJ-VS coupling during risky decisions after social exclusion that did not reach the threshold of significance. Our findings build on this work, and suggest that adolescents engage in mentalizing to make safe decisions, and that this may elicit a reward response in the context of parental presence. As such, functional coupling between the VS and social regions such as the TPJ may result in adaptive or maladaptive outcomes depending on the context (Pfeifer *et al*., [@ref37]; Telzer *et al*., [@ref56]).

While the current study provides important insights into two salient sources of influence, the influence of each source may change with development (Scriber and Guyer, [@ref41]). We used a relatively large sample of early adolescents, but did not include other age groups to test whether these effects are *unique* to adolescence. Potentially, as compared to adolescence, parental influences may be more potent than peer influences in childhood, and perhaps both sources decrease in saliency when individuals enter adulthood (Knoll *et al*., [@ref22]). Future research should focus on gaining more traction on *why* and *how* questions of social influences and determining the boundaries between which social influences occur (Somerville *et al*., [@ref52]), for example comparing active (i.e. through feedback) and passive (i.e. observing performance) influences across different contexts and behaviors. In daily life, adolescents may also have to deal with the simultaneous (and potentially conflicting) influences from parents and peers, which no study today has addressed. Moreover, relationship quality with peers and parents, including aspects of conflict and support likely modulates these effects (Guassi Moreira and Telzer, [@ref18]). Studying relationship quality will be an important direction for future research, and should include the comparison of an actual friend and parent, in order to account for potential effects of similarity and closeness.

In conclusion, we employed a sample of early adolescents and, for the first time, disentangled *within-person* neural mechanisms that differentiate risky and safe decision-making in peer and parent contexts. An interplay of affective, social and cognitive regions (VS, TPJ, dlPFC) was more activated during decision-making with peers. On the other hand, findings showed more crosstalk between affective and social regions (VS-insula, VS-TPJ) during decision-making with parents. Our results highlight the salient nature of peers during adolescence, and at the same time show the complex nature of social influence processes in peer and parent contexts, emphasizing the utility of combining analytic techniques assessing mean levels of activity and neural coupling. These findings contribute to an increased understanding of the opportunities and vulnerabilities associated with adolescent sensitivity to potent social contexts, and ultimately may provide ways to mitigate the increase in risk-taking and help adolescents navigate this phase of life safely and successfully.
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All analyses were also run excluding these participants, and results were nearly identical. Hence, we report the results including these *n* = 7 participants.
